Rapid prototyping, also known as computer-aided manufacturing, layer manufacturing, and solid freeform fabrication, pertains to a set of materials processing technologies that dates to the late Two photon polymerization involves nearly simultaneous absorption of ultrashort laser pulses for selective curing of photosensitive material. This process has recently been used to create small-scale medical devices out of several classes of photosensitive materials, such as acrylate-based polymers, organically-modified ceramic materials, zirconium sol-gels, and titanium-containing hybrid materials. In this review, the use of two photon polymerization for fabrication of several types of small-scale medical devices, including microneedles, artificial tissues, microfluidic devices, pumps, sensors, and valves, from computer models is described. Necessary steps in the development of two photon polymerization as a commercially viable medical device manufacturing method are also considered.
prototyping is used to create a pattern, which is subsequently used for molding or investment casting of the desired structure 3 .
Rapid prototyping technologies are of great interest for medical prosthesis and medical device applications. Magnetic resonance imaging, micro-computed tomography, or other medical imaging modalities may be used in conjunction with rapid prototyping in order to create patientspecific implants or evaluate novel prosthesis designs 4 . For example, Webb et al. described the use of computed tomography data on a bone defect to create a patient-specific craniomaxillofacial implant 4 . In addition, rapid prototyping methods enable processing of structures with complex internal geometries (e.g., catheters) 3 . Rapid prototyping technologies may also be used to prepare porous biodegradable materials for use as scaffolds in artificial tissues 5 . Cooke et al. utilized stereolithography to create structures out of a biodegradable resin containing poly(propylene fumarate), diethyl fumarate (DEF), and bisacylphosphine oxide 6 . Sun et al. noted that topology, surface chemistry, pore connectivity, and pore size affect scaffold performance parameters such as nutrient transport, cell attachment, and cell ingrowth 7 . For example, small-scale structures on the scaffold surface may serve to increase surface area, increasing adsorption of proteins and attachment of cells 8 . Scaffold performance is also related to elastic modulus, strength, and other mechanical properties 7 .
Several investigators, including Sun et al. and Smith et al., have noted
that scaffold fabrication methods should allow for (a) the processing of structures with overall dimensions larger than 1 cm; (b) the processing of structures with features smaller than 1 μm; (c) the processing of several biocompatible materials in a single procedure; and (d) the incorporation of proteins (e.g., growth factors), oligosaccharides, nucleic acids, and cells during processing 7, 9 .
Stereolithography is a liquid-based rapid prototyping technology that was invented by Charles Hull of 3D Systems Inc. approximately twenty-five years ago 10 . In this technology, a liquid resin containing low molecular weight monomers is cured in a layer-by-layer manner in order to form a solid polymer structure. By moving the focus of the argon ion laser or helium cadmium laser in X-and Y-directions, single photon absorption enables polymerization of a photosensitive liquid (e.g., an acrylic or epoxy resin) in two dimensions. The liquid is located on a platform, which is lowered after solidification of each layer. The completed structure is subsequently exposed to ultraviolet light in a fluorescent oven for complete polymerization of the solid.
The minimum feature size is determined by the laser spot size; the minimum layer thickness commonly achieved using this technology is 50 μm 3 . Melchels et al. recently utilized a stereolithography apparatus containing a digital micro-mirror device in order to fabricate porous poly (d,l-lactide) network scaffolds 11 . The minimum feature size was determined by the overcure depth (7 μm) as well as instrumentspecific parameters, such as layer thickness (25 μm) and pixel size (32 × 32 μm 2 ). The open (gyroid) architecture of the scaffolds facilitated penetration of water as well as the attachment of murine MC3T3 pre-osteoblast cells in a homogeneous distribution. Rapid Micro Product Development (RMPD®) is another laser-based process for the rapid prototyping of photosensitive materials, including acrylic and epoxy resins 12 . Structures with layer thicknesses of one micrometer and overall dimensions of 50 mm x 50 mm x 50 mm may be prepared using this approach.
How two photon polymerization is performed
Two photon polymerization (2PP) is a liquid-based rapid prototyping technology that has been utilized for the fabrication of small-scale threedimensional medical devices from computer designs in recent years 8 . In 1931, Maria Goeppert-Mayer theoretically described the phenomenon of multi-photon absorption, a process in which interactions between many photons and an atom or a molecule take place during a single quantum event 13 . Kaiser and Garrett experimentally demonstrated two photon excitation in 1961. In their work fluorescent blue light (with a wavelength of 425 nm) was obtained by illuminating CaF 2 :Eu 2+ crystals with light from a ruby laser (with a wavelength of 694 nm) 14 .
In two photon polymerization, nearly simultaneous absorption of two photons within a small volume in a photosensitive resin induces chemical reactions between photoinitiator molecules and monomers. A laser capable of generating femtosecond pulses is commonly used to create high energy intensity in the focal volume. In particular, femtosecond titanium:sapphire lasers operating at approximately 800 nm wavelength are used for 2PP due to their short pulse width and high peak power 15 .
Absorption of 800 nm photons in a nearly simultaneous manner by the photoinitiator is a quantum event whose energy corresponds to the ultraviolet light region of the electromagnetic spectrum 16, 17 .
Photoinitiator resins with sensitivity to 390 nm wavelength radiation are commonly utilized. Most materials that are commonly used in 2PP were originally utilized as negative photoresists in conventional ultraviolet photolithography, including an epoxy oligomer-containing commercial photoresist (SU-8) and organically-modified ceramic material 18 .
A voxel (volumetric pixel) is defined as the unit volume of material cured by 2PP. The minimum feature size is dependent on several processing parameters, including exposure time, laser power, numerical aperture of the objective lens, sensitivity of the resin, and voxel-voxel distance 19, 20 . In order to perform layer-by layer processing of threedimensional structures, the voxel of polymerized material must exhibit a low aspect ratio. Voxels with low aspect ratios may be achieved through the use of low laser power and low exposure time at an energy that is near the threshold energy. The laser beam is focused into the volume of a near infrared light-transparent photosensitive resin 19, 20 .
The scanning path of the laser focus is commonly moved along a twodimensional scanning path, while translation of the beam spot in the Z-axis enables processing of three-dimensional structures.
Devices may be created by means of either contour scanning or raster scanning. In the contour scanning approach, the laser beam solidifies the contour of the structure; the bulk of the structure is solidified in a post-two photon polymerization step. The raster scanning approach involves scanning the laser beam over the entire volume of the structure. Contour scanning enables structures to be fabricated in a more rapid manner. It should be noted that deformation of thin-walled structures created by means of the contour scanning method may occur due to surface tension and flow variations during developing; this issue may be overcome by increasing the thickness of the polymerized structure. The washing away of unpolymerized material is the only step that is required after either two photon polymerization approach.
Solidification of material in 2PP occurs over a highly localized volume due to the quadratic dependence of the two photon absorption probability on intensity 16 Two photon polymerization may be used to process a variety of photosensitive materials, including acrylate-based polymers, organicallymodified ceramic materials, zirconium sol-gels, and titanium-containing hybrid materials; many of these materials are widely available and may be obtained at low cost [23] [24] [25] . In addition, 2PP equipment can be placed in a conventional environment; no clean room facilities or other specialized facilities are required. Finally, the processing rates of 2PP and particularly the indirect processes based on 2PP are suitable for translation to highrate commercial manufacturing. A variety of soft lithography approaches may be used for high fidelity replication of microscale and nanoscale structures created by means of 2PP. For example, microcontact molding, microcontact printing, microtransfer molding, membrane assisted microtransfer molding, and replica molding may be used to replicate two photon polymerization-fabricated structures 26, 27 .
Medical applications of two photon polymerization
Due to these unique capabilities, two photon polymerization has been used to create a variety of medical devices with small-scale features.
For example, the technique has been used to fabricate microneedles, which are lancet-or thorn-shaped devices for transdermal delivery of pharmacologic agents or sampling of body fluids (e.g., blood).
Microneedles with complex shapes may also be fabricated 28 , such as those with a rocket-like geometry ( and base diameter of 150 μm) was created using 2PP. This structure was subsequently used to make a negative mold from poly(dimethyl siloxane); photoreactive acrylate-based polymer microneedle arrays were cast using this negative mold. The microneedle arrays withstood a ten Newton axial load without fracture, and were also shown to successfully penetrate human stratum corneum and epidermal tissue that was obtained from a surgical abdominoplasty. Their work suggested that two photon polymerization-micromolding is a scalable technique, which may be used to create solid microneedles and other solid devices out of a broad range of materials (e.g., non-infrared transparent materials).
Gittard et al. recently fabricated hollow microneedles with heights between 500 and 700 μm out of an acrylate-based polymer, which is used in Class IIa medical devices such as hearing aid shells (Fig. 2) 31 .
These devices were used to create pores in the stratum corneum layer of cadaveric porcine skin, which enabled carboxyl quantum dots to be distributed in the deep epidermis and dermis within fifteen minutes. Quantum dots are fluorescent semiconductor nanoparticles with diameters between 2 and 10 nm, which may be conjugated with peptides, antibodies, aptamers, pharmacologic agents, and other tumorspecific molecules in order to allow for imaging of neoplastic tissue. On the other hand, topically-applied carboxyl quantum dots demonstrated poor penetration and remained on the topmost 50 μm of the cadaveric porcine skin. These studies indicate that 2PP enables rapid iteration of microneedle design parameters (e.g., microneedle length), which may facilitate the use of microneedles in clinical applications.
Small-scale microscale devices with moving parts have also been created using 2PP. For example, Schizas et al. processed micro check valves with lengths of 360 μm, internal valve diameters of 70 μm, and external diameters of 120 μm out of a photosensitive zirconium-silicon sol-gel 24 . These valves contained internal moving parts; movement of the piston rod was demonstrated using a needle. It is interesting to note that these structures did not exhibit stair-step surface features despite the fact that they were processed in a layer-by-layer manner.
Devices with similar diameter values could be used to replace natural Two photon polymerization has also been used to fabricate sensors for biological and medical applications out of composite materials. Drakakis electrode for an electrochemical glucose sensor using 2PP 41 . In this case, the electrode material was a photosensitive material containing glucose oxidase, ferrocene, single-walled carbon nanotubes, an acrylate, an epoxy monomer, a photoinitiator, and a surfactant. The electrochemical detection of glucose was demonstrated using the nanotube-containing electrode; the nanotubes were shown to facilitate ferrocene activity in the electrode. These results suggest that 2PP enables rapid iteration of biosensor designs; in addition, composites containing photosensitive materials and biologically functional materials may readily be prepared.
In addition, two photon polymerization may be used to process cellseeded scaffolds, which may be used to replace damaged or diseased tissues. In particular, the technique has been used to create scaffolds that guide cell development and provide mechanical support 42 48 . By altering the relative amounts of the two monomers in the material, the elastic modulus was varied between 0.1 and 1.2 GPa. Fibrosarcoma cell migration over two-dimensional and three-dimensional scaffolds was observed. They noted that cell migration over three-dimensional scaffolds was more rapid than over two-dimensional scaffolds. In addition, a reduction in scaffold pore size was associated with a decrease in the cell migration rate.
Three-dimensional structures were created using 2PP out of a biodegradable polycaprolactone-based triblock copolymer by Claeyssens et al.; 4,4'-bis(diethylamino)benzophenone was utilized as a photoinitiator in this study 49 . Live-dead cell staining studies with Additional studies to examine the mechanical behavior of two photon polymerization-fabricated structures need to be performed. In addition, sterilization processes for two photon polymerization-fabricated devices, including those containing temperature-sensitive biological materials, must be developed 8 . Finally, 2PP needs to become cost competitive with conventional machining-and lithography-based methods. If these obstacles can be overcome, two photon polymerization may achieve commercial importance in medical device fabrication over the coming decades.
